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ABSTRACT 

We describe the Mgll Absorber-Galaxy Catalog, MAGllCAT, a compilation of 182 spectroscopically identi- 
fied intermediate redshift (0.07 < z < 1.1) isolated galaxies with measurements of Mg II AA2796, 2803 absorp- 
tion from their circumgalactic medium within projected distances of 200 kpc from background quasars. We 
standardized all galaxy properties to the ACDM cosmology and galaxy luminosities, absolute magnitudes, and 
rest-frame colors to the B- and /iT-band on the AB system. We present galaxy and rest-frame Mg ll equivalent 
width, W, (2796), versus galaxy redshift. The well-known anti-correlation between W, (2796) and quasar-galaxy 
impact parameter, D, is significant to the 8 a level. The mean color of MAGllCAT galaxies is consistent with 
an Sbc galaxy for all redshifts. We present B- and /T-band luminosity functions for different W,.(2796) and red- 
shift subsamples: "weak absorbing" [Wr(2796) < 0.3 A], "strong absorbing" [W,.(2796) > 0.3 A], low redshift 
(z < (z)), and high redshift (z > (z)), where (z) = 0.359 is the median galaxy redshift. We find no differences 
between the luminosity function subsamples, except for a ^ 0.5 magnitude dimming with decreasing redshift 
in the B-band for weak absorbing Mb <-18 galaxies. Rest-frame color B-A' correlates with M^- at the 8 cr level 
for the whole sample but is driven by the strong absorbing, high redshift subsample (6 a). We find possible 
faint-end "roll offs" in both the B- and /T-band luminosity functions. Using Mg as a proxy for stellar mass, 
we infer that in low stellar mass galaxies, Mg II absorption is preferentially detected in blue galaxies and the 
absorption is more likely to be weak. 
Subject headings: galaxies: halos — quasars: absorption lines 



1. INTRODUCTION 

Galaxies are known to harbor large, extended reservoirs 
of gas referred to as the circumgalactic medium (CGM). 
This region contains the material through which filaments 
accrete, galactic-scale winds outflow, and merging galax- 
ies are tidally stripped - mechanisms which are criti- 
cal to the growth and transformation of galaxies given 
that the CGM harbor s a gas mass which may rival that 
of th e galaxy it s elf dTumUnson et aTl 1201 It IStocke et"an 
120 1 31: IWerk et all 120 m Additionally, theoretical works 
have estabUshed that the baryons in the CGM depend 
on the dark matter halo mass and various processes such 
as stellar and AGN feedback (Birnboim & Dekel 2003; 
Mailer & Buflock 2004; Keres et al. 2005; Dekel & Bimboid 
2006; Birn boim et al. 2007; Ocvirk, Pichon, & Tevssier 2008r 
Keres et a l.l l2009t Oppenheimer et al. 2010; Stewart et d] 
201 Itivan de Voort et al.ii201 Itivan de Voort & Schayei2012lK 



(e.g. iLanzetta et al.l [1991 IChen et al.1 IMTbt IStocke et al.1 
1201 3l) . However, by far the vast majority of surveys have 
focused on Mgll absorption (e.g., Bergeron & Boisse 1991 ; 
Steidel, Dickinson, & Persson 1994; C hurchill et al.1 12005 : 
.Chen et al.. .2010a: .Kacprzak et al. .201 fbl) . which samples 
photoionized CGM gas with n^ ~ 10"' g cm"^ and T ^ 
10^^ K. Further detai ls of z < I ab sorbing gas properties are 
discussed in Bergero n et al.l (119941) . 

The Mgll A'A2796,2803 absorption doublet is well- 
suited to studying the processes occurring in the CGM 
since it is easily observed from the ground in the optical 
at redshifts 0.1 < z < 2.5. Mgll traces metal-enriched, 
low ionization gas over a larg e range of Hi column den- 



sities, 16 < logMHl) < 22 (Bergeron & Stasiriska 
Steidel & Sargend fT99l^ IChurchifl et'aD 



11986 



Rao & Turnshek 2000; 
2002i) . corresponding to 



Therefore, the evolution of galaxies is uniquely tied to the ori- 
gin of and the processes present in the CGM making studies 
of the CGM key to understanding galaxy evolution. 

Campaigns to study the CGM in absorption at z < 1 
have targeted various ions that probe a range of gas densi- 
ties and temperatures. For z < 0.3, Ovi absorption (e.g., 
iTumUnson et al.l 1201 It IStocke et al.l 120 1 3l) traces gas with 
Hh ~ 10"'* g cm"^ between T = 10"*^ K (photoionized) and T = 
2q5.s ^ (coUisiona lly ionized). Atz < 1, Civ absorption (e.g., 
IChenetal.ll200Ial) probes 10"^ < «« < lO""* g cm"^ gas with 
temperatures in the range of ~ 10"*^ K (photoionized) and 
^ 10^" K (coUisionally ionized). The neutral hydrogen com- 
ponent of the CGM has been observed using Ly a absorption 
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IT999r 2000a 
Rigby, Charlton, & Churchill 
a wide range of environments 
out t o projected d istance s of ^ 150 kpc (Kacprza k etal J 
l2008t IChen et all l20T0aL iChurchill et aH |2013a). De- 
tailed information on the gas kinematics with Mgll have 
indicated the presence of i n falling gas (Kacprzak et aD 



20T0I 1201 Ibl: iRibaud o et al 
Martin et al.ll2012t iRubin et 



I) 
all 



2011, 



201 It tstewart et al 
20li [Kacprzak et al. 2012) 
and ou tflowing galactic-scale winds (Bouche et al. 2006 
2007; Martin & Bouche 2009; Weineretal 
2010; Rubin et al. 20l3 
,..2011: .Bouche et al.. .20121 



Tremo nti et al 

2009; Chelouche & Bowen 

Bordoloi et al.. .2()11; .Coil et al 

Martin et al .ll20I2h . 

The various methods employed for surveys of Mg II absorb- 
ing galaxies present challenges in understanding the CGM- 
galaxy interaction. The largest survey has no more than ^ 80 
isolated galaxies, yet some 200 are known. Each survey used 
the accepted cosmology at the time, which has changed over 
the last ^ 20 years. Different observing facilities have been 
used, resulting in various filter sets and different magnitude 
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systems for the galaxies. Even the selection methods are di- 
verse, and in some cases different surveys report the same 
absorber-galaxy pairs, causing duplicates throughout the lit- 
erature. All these factors result in difficulties synthesizing the 
galaxy properties and results between studies. 

Motivated by the potential that combining the data from 
our work and other surveys may further illuminate the 
CGM-galaxy connection, we have endeavored to assemble a 
database of the extant works focused on Mg II absorption from 
the CGM of intermediate redshift galaxies. We aim to provide 
a large uniform data set based upon a single cosmological pa- 
rameter set and to standardize all absolute magnitudes to a 
single filter set in the AB magnitude system. We consolidate 
the measurements of given absorber-galaxy pairs duplicated 
in various works to include the highest-quality data available 
for each absorber-galaxy pair Such a compilation holds the 
promise of yielding higher statistical significance in the al- 
ready published results, and of providing greater leverage for 
exploring the dependence of CGM Mgll absorption on vari- 
ous galaxy properties. 

In this paper we present the Mgll Absorber-Galaxy 
Catalog, MAGllCAT (pronounced magic-cat). We leave 
further analysis of the sample for other p ap ers in 
this series e.g., JK acprzak. Churchill, & Nielsen] (120121) : 
iNielsen . Churchill. & Kac przak. (.2012) [hereafter Paper II]; 
andlChurchill et al. (20133)- In §|2]we provide the selection 
criteria for inclusion of galaxies in the catalog and briefly de- 
scribe each of the works from which the galaxies are drawn 
and the various selection methods. In §|3]we detail the galaxy 
data we obtained and how we standardized various galaxy 
and absorption properties. We adopt a ACDM cosmology 
(Hq = 70 km s-i Mpc"', Qm = 0.3, and f^A = 0.7) and re- 
port AB absolute magnitudes throughout this paper In § |4] 
we present characteristics of the sample, luminosity func- 
tions, and tabulated values for MAGllCAT galaxies. We sum- 
marize the present work and conclude with the potential of 
MAGllCAT in § |5] The catalog is available in its entirety in 
the on-line journal and has been placed on-line at the NMSU 
Quasar Absorption Line Group websiteQ. 

2. CONSTRUCTING MAGllCAT 

We compiled a catalog of galaxies with spectroscopic 
redshifts 0.07 < z < 1.1 within a projected distance of 
D < 200 kpc from a background quasar, with known Mg II 
absorption or an upper limit on absorption less than 0.3 A. 
We chose to include only galaxies wi th spectr o scopic 
reds hifts, exclu ding galaxi es fro m e.g., IRao et al.l (12011b 
and iBowen &Ch elouchd (1201 lb . which have photomet- 
ric redshifts and would have supplied ^ 30 and ^10 
galaxies to MAGllCAT, respectively. We also limited 
the sample to galaxies which are not located in group 
environments (defined in § O to the limits the data indi- 
cate. The galaxies were prim arily drawn from the works 
of ISteidel Dickinson. & PerssonI (1 19941). IChurchiU et aTl 
(119961) iGuillemin & Bergeroiil 7l99%, I Steidel etdl 
d 19971). ICh en& Tinker (2008), Barton & Cookd (120091) . 
Chen et al.' (2010a), Kaccrzak. Murphv. & Churchn? (1 20101) . 
Gauthier & Chen (2011), Kacprzak et al. (201 lab), and 
Churchill et all (I2013al) . 



The galaxy discovery methods employed by the afore- 
mentioned surveys range from unbiased volume-limited 

"^ http://astronomy.nmsu.edu/cwc/Group/magiicat 



samples with no a priori knowledge o f Mg ll absorp- 
tion in the background q uasar sp ectrum (iBarton & Cooke] 
120091: iGauQiier & Cheii] lIoTlt ]Kacprzak et al. 201 lai), 
to magnitude-limited samples dSteidel et al. 199'^ 
iKacprz ak. Murp hy. & Churchill 120101) . one with a lumi- 
nosity scal ed maximum projec ted separation from the quasar 
sightline dChen et alj l2010ah . and to samples in which 
galaxies are searched for at the redshifts of known Mgll 
absorbers (i.e., absorption selected; [Bergeron & Boisse 199ll 
ISteidel. Dickinson. & Persson' 1994; Guillemin & Bergerofl 
1997; Chen & Tinker 2008; Gauthier & Chen 201 ij 
Kacpr zak et alJ 1201 llj) . Some quasar fields have been 
imaged from the ground only (some with and some without 
subtraction of the quasar), while others have been imaged at 
high resolution with the Hubble Space Telescope (HST). As 
such, our compilation comprises a catalog of galaxies with 
heterogeneous selection methods, and a range of sensitivity 
in magnitude and impact parameter Though it may be 
argued that a complete galaxy sample is indicated by always 
identifying a galaxy at the redshift of known Mgll abs orption 
(ISteidel. Dickinson. & PerssonI Il994t ISteidell [T995]) . it is 
inherently difficult to demonstrate completeness unless 
the quasar fields are systematically surveyed to a uniform 
magnitude limit and projected separation from the quasar. 

2.1. Overview of Surveys 

Here we present a brief overview of the previous works in- 
cluded in MAGllCAT. 

2.1.1. SDF94 

We obtained the data f or ga laxies presented in 
ISteidel. Dickinson. & PerssonI (119941) [hereafter SDP94] 
with 0.3 < z < 1.0 (Steidel, private communication). Their 
sample is "gas cross section-selected," meaning that the 
galaxies were selected based on known Mg II absorption with 
rest-frame equivalent widths W, > 0.3 A in the spectra of 
background quasars. Galaxies were searched for starting at 
the quasar position and moving outward in angular separa- 
tion, 6, with most galaxies having an angular separation less 
than 10". Images of the quasar fields were acquired in the 
7?Jj band using the 2.1 m and 4 m telescopes at Kitt Peak 
National Observatory, as well as the 2.4 m Hiltner telescope 
at the Michigan-Dartmouth-MIT Observatory. Images in the 
infrared Ks band were obtained with NICMOS III cameras 
on the Kitt Peak 4 m Mayall telescope and the Las Campanas 
Observatory 2.5 m DuPont telescope. Galaxy spectroscopy 
was conducted using the Lens/Grism Spectrograph and the 
Kast Double Spectrograph on the Lick Observatory 3 m 
Shane telescope. Roughly 30% of the galaxies identified by 
SDP94 do not have spectroscopically confirmed redshifts; we 
did not include those galaxies. Many of the galaxies from 
SDP94 were studied more extensively in later works, and are 
therefore listed under the most recent work. 

2.1.2. Steidel-PC 

Steidel (private communication) kindly provided the un- 
published "interloper" galaxy data briefly discussed as "con- 
trol fields" in SDP94 and Steidel ( 1995). These galaxies were 
targeted because they were not responsible for absorption [to 
a 5 cr upper limit W,.(2796) < 0.3 A] in background quasar 

^ Chuck Steidel kindly provided the electronic versions of the R, and K, 
filter response curves. 
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spectra during the campaign of SDP94. Galaxy images and 
spectroscopy were obtained using the same faciliti es used by 
SDP9 4. Later works have obta ined HIRES/Keck JVogt et alj 
[T99I or UVES/VLT (iDekker et al. 2000) quasar spectra for 
all galaxies in this sample, therefore the equivalent width lim- 
its for these galaxies ha ve been remeasured at the 3 a level by 
IChurchill et alJ (l2013ah or the present work. 

2.1.3. GB97 

Studying quasar fi e lds w ith known Mgll absorbers, 
iGuillemin & BergeronI (Il997h [hereafter GB97] identified 
galaxies producing the absorption at 0.07 < z < 1.2, with 
R < 23.5 and quasar-galaxy angular separations 9 < 15". 
Imaging in the R banqj and galaxy spectroscopy were con- 
ducted on the European Southern Observatory 3.5 m telescope 
using the ESO Faint Object Spectrograph and Camera (here- 
after the 7?-band from this work will be referred to as ^efosc)- 
We did not include the high redshift candidate absorbers in 
GB97. 

2.1.4. Steidel97 



ISteidel et all (119971) [hereafter Steidel97] conducted a deep, 
magnitude-limited study of the overdense galaxy field within 
6 = 50" of 3C 336 (1622H-238). Galaxies as faint as R, = 24.5 
were imaged in Rs with the Michigan-Dartmouth-MIT 2.4 m 
Hiltner telescope and F702W with WFPC2 on the Hubble 
Space Telescope (HST). Infrared K, band images were ob- 
tained with the Kitt Peak 4 m Mayall telescope, with the fi- 
nal image reaching Vega magnitude Ks ^ 22 (AB magnitude 
Ks ^ 23.8). Quasar spectra were collected from various in- 
struments and telescopes: the Faint Object Spectrograph on 
HST, the Kast Double Spectrograph with the Lick Observa- 
tory 3 m Shane telescope, the RC Spectrograph at the Kitt 
Peak 4 m Mayall telescope, and the Low Resolution Imaging 
Spectrograph (LRIS) on the 10 m Keck-I telescope. Galaxy 
spectroscopy was conducted with the LRIS/Keck-I combina- 
tion. The data presented in Steidel97 have been improved 
upon in later works, in fact a UVES/VLT spectrum is now 
available, therefore we list these galaxies by the reference 
giving updated values, with Steidel97 as the source of the Ks 
magnitudes. 

2.1.5. CT08 



IChen & Tinke^ (l2008h [hereafter CT08] selected several 
quasar fields for which about half of the galaxy data was 
available from prior Mg II surv eys (Steidel97), and half from 
Lyaan dCiV surveys (Lanzetta et al. 1995; Chen et al.lll998l 
l2001alfb l). The majority of galaxies were imaged in the F702W 
band with WFPC2 on HST, while galaxies in the field 0226- 
41 10 were imaged in Rj with IMACS on the Magellan Baade 
telescope. Quasar spectroscopy was obtained with the MIKE 
Echelle Spectrograph on the Magellan Clay telescope or were 
obtained from the ESO data archive where they had been ob- 
served with UVES on the Very Large Telescope (VLT). 

2.1.6. BC09 

Working with the Sloan Digital Sky Survey (SDSS) Data 
Release 4 (DR4) and Data Release 6 (DR6), Barton & Cooka 
(12009) [hereafter BC09] performed a volume-Umited survey 
of galaxies at z ^ 0.1, with a limiting absolute magnitude 

* The electronic version of the ESO Faint Object Spectrograph and Camera 
R filter response curve was kindly provided by Jacqueline Bergeron. 



Mr < -21.3. Background quasars were selected at projected 
distances less than or equal to 107 kpc from the galaxies from 
the SDSS Data Release 6 (DR6) quasar catalog. Galaxy spec- 
tra were collected from SDSS while quasar spectra were ob- 
tained using the blue channel of LRIS on Keck-I. We ob- 
tained apparent SDSS "model" g and r magnitudes from a 
NASA/IPAC Extragalactic Database (NEDl| search. The 
equivale nt widths for several of these galaxies were remea- 
sured bv lKacprzak et al.l (1201 lal) . 

2.1.7. ChenlO 



IChen et all (1201 0a') [hereafter ChenlO] photometrically se- 
lected galaxies with z < 0.5 from the SDSS DR6 archive with 
r' < 22. Galaxies in quasar fields were targeted with the 
limitation that the quasar-galaxy impact parameter, D, must 
be less than the expected gaseous radius for each galaxy, 
R = RALs/Llf-^^ where R^ = 130 kpc. Follow up galaxy 
and quasar spectroscopy was obtained using the Dual Imag- 
ing Spectrograph (DIS) on the 3.5 m telescope at the Apache 
Point Observatory (APO) or with MagE on the Magellan Clay 
Telescope at the Las Campanas Observatory. We obtained ap- 
parent SDSS model g and r magnitudes from NED. The pub- 
lished W, (2796) upper limits were converted from 2 ct to 3 cr 
upper limits and we included only those galaxies for which 
the upper limit was less than or equal to 0.3 A. 

2.1.8. KMCIO 

Performing a magnitude-limi ted survey d ow n to 
F814W< 20.3, Kacprzak. Mur phy. & ChurchiiH (l20Toh 
[hereafter KMCIO] studied the field 1127-145 which con- 
tains many bright galaxies within an angular quasar-galaxy 
separation of 50". The field was imaged in the F814W band 
on HST with WFPC2. Spectroscopy of the galaxies was 
obtained with DIS at the APO 3.5 m telescope, while quasar 
spectroscopy was conducted with UVES/VLT. 

2.1.9. GCn 



iGauthier & ChenI (1201 Ih [hereafter GCll] studied lumi- 
nous red galaxies (LRGs) that were photometrically identified 
in SDSS DR4 with z ~ 0.5 and a maximum D corresponding 
to the fiducial virial radius of LRGs, which is given as 500 
kpc. A subset of their LRGs were selected by known Mg ll ab- 
sorbers in quasar spectra, while a larger subset was randomly 
selected near quasar sightlines with no prior knowledge of 
Mgll absorption. Galaxy spectra were obtained using DIS 
on the 3.5 m telescope at APO or with the Boiler & Chivens 
Spectrograph on the Las Campanas DuPont telescope. We 
obtained apparent SDSS "model" g and r magnitudes from 
NED and included only those LRGs with impact parameters 
D < 200 kpc in MAGllCAT. We also converted the published 
upper limits on Wr(2796) from 2 cr to 3 ct, including only those 
galaxies with Wnm < 0.3 A. 

2.1.10. KCBCll 

iKacprzak etall (1201 lal) [hereafter KCBCl 1] built upon the 
work of BC09 by adding galaxies of somewhat larger redshift, 
z ^ 0. 13. Galaxy spectra were obtained with DIS on the 3.5 m 
APO telescope, while quasar spectra were collected using the 
blue channel of LRIS on Keck-I. Using NED, we obtained 
the SDSS "model" r and 2MASS total K^ apparent magni- 
tudes for all but two galaxies, where K^ was not available. We 

^ http://ned.ipac.caltech.edu 
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instead obtained the SDSS "model" g and r magnitudes for 
those two galaxies. 

2.1.11. KCEMSll 



Galaxies selected by iKacprzak et al.l (1201 Ibl) [hereafter 
KCEMSll] are based on known Mgll absorption at 0.3 < 
z < 1 in quasar spectra, with many having been originally 
identified by SDP94. Imaging of the quasar fields was con- 
ducted by //5r with the F702W or F814W filters on WFPC2. 
Infrared imaging for the SDP94 fields was conducted in the 
Ks band with the NICMOS III cameras on the Kitt Peak 4 m 
Mayall telescope and the Las Campanas Observatory 2.5 m 
DuPont telesco pe. K' magnitud es were obtained for three 
galaxies from C hen et all (l2001bb . who used NSFCAM on the 
IRTF 3 m telescope, and F160W magnitudes for two galax- 
ies from David Law (private communication) who observed 
them with WFC3 on HST. Quasar spectroscopy was obtained 
with HIRES/Keck or UVES/VLT, while galaxy spectroscopic 
redshifts were collected from the literature (see Table 3 in 
KCEMSll). 

2.1.12. ChurchilllS 

Requiring high resolution quasar spectra (R = 45,000) and 
//5r images, Ch urchill et al. (2013a) [hereafter Churchill 13] 
studied galaxies with weak [Wr(2796) < 0.3 A] or undetected 
Mg II absorption. Half of the galaxies in this sample were ob- 
tained from Ste idel-PC, while the oth er half were collected 
from Steidel97, iChurchill et all (|2007), CT08, and KMCIO. 
Galaxies were imaged in F702W or F814W with WFPC2 
on HST and, in some cases, in Ks as detailed in Steidel-PC. 
Quasar spectra were obtained with HIRES/Keck, UVESA'LT, 
or with the MIKE Echelle Spectrograph on the Magellan Clay 
telescope. We included galaxies listed as the "New Sample" 
in Table 2 in Churchilll3. 

3. METHODS 

For each galaxy, the measured quantities include one or 
more apparent magnitudes in various photometric bands, the 
spectroscopic redshift, Zgai, the galaxy right ascension and 
declination offsets from the quasar, Aa and AS, and/or the 
galaxy angular separation from the quasar, 9. Many of the 
galaxies have multiple measurements from several different 
studies; we selected the highest quality measurements (usu- 
ally the most recent). 

We distinguish between isolated and group galaxies, where 
we define group galaxies to have a nearest neighbor within 
100 kpc and a line of sight velocity separation no greater than 
500 km s"' . We present only isolated galaxies in this paper 
Group galaxies will be studied in a forthcoming paper. 

3.1. Galaxy Properties 

Galaxy redshifts, Zsai, were taken directly from published 
values. The galaxy spectra were not published in most cases 
and were not available in electronic form for further confirma- 
tion or re-measurement. Since the uncertainties of Zgai were 
also not published, the accuracy of the published Zgai mea- 
surements is reflected by the number of significant figures. 

Due to the application of different cosmologies in the lit- 
erature over the last ^ 20 years, we calculated new impact 
parameters, D, and luminous properties for each galaxy using 
the ACDM cosmology (Hq = 70 km s"' Mpc"\ ^Im = 0.3, and 

r2A = o.7). 



We first calculated the values Aa and A5 from the right 
ascensions and declinations of the galaxy and its associ- 
ated quasar, which were obtained from NED when avail- 
able. We then determined 6 from Aa and AS using 9 = 
[(A(5)^ + (Aa)^ cos^((5qso)]'''^- We compute the impact pa- 
rameter from D = 9Df,(zga\), where D^{zoa\) is the angular di- 
ameter distance at the galaxy redshift. In cases where Aa and 
AS could not be obtained, we used the published values of 9 
to calculate D. Using these methods, we have measured Aa 
and AS for most galaxies and standardized impact parameters 
for all galaxies in MAGllCAT. 

All galaxies have been imaged in the g, r, ^efosc, Rs, Ri, 
F702W, or F814W bands. For each galaxy, we determined 
rest-frame AB absolute B-band magnitudes, Mb, using the 
equation, Mb(AB) = [my-A^,,] -DM, where m,, is the AB ap- 
parent magnitude in t he observed band, Kbx is the appro pri- 
ate /^-correction (e.g., iKim. Goobar. & Perlmutterlll996[ see 
Appendix |A| for the observed magnitude, and DM is the dis- 
tance modulus for each galaxy. In cases where m,, is a Vega 
magnitude, such as F702W and F814W, we add the constant 
-0.0873 to convert from Vega magnitudes to AB magnitudes. 
Details on how we determined this constant are given in Ap- 
pendixfAl 

To compute the /T-corrections, we applied the actual filter 
response curve for each published apparent magnitude. The 
/T-corrections as a function of redshift for the F702W- and 
g-b and to the B-band are shown in panels a and c of Fig- 
ure [Al] respectively. Using th e spectral ene rgy distribution 
(S ED) templates fr om Bolzon ella et al.l (I2000i) who extended 
the iColeman et alj ([l980) SEDs to shorter and longer wave- 
lengths, we adopted a SED for each galaxy. To do this, we 
compared the observed color of each SED to each galaxy's 
observed color and chose the SED with the closest color For 
18 galaxies where no observed galaxy color was available, 
we adopted an Sbc galaxy SED, the average t ype selected by 
Mgll absorption (SDP94: IZibetti et al.ll2007l) . Figure IbT] in 
AppendixiBlpresents F702W-/G and g-r, the two most com- 
mon observed galaxy colors in MAGllCAT, as a function of 
redshift. 

The apparent magnitudes in MAGllCAT have not been 
Galactic reddening corrected to the extent of our knowledge. 
We did not apply this correction to the magnitudes as the 
mean reddening correction in each magnitude band is, on av- 
erage, a small fraction of the uncertainty in the /iT-corrections 
due to SED selections. The greatest reddening correction in 
MAGllCAT would be applied to the g band, as it is the band 
measuring the shortest wavelengths. The mean reddening cor- 
rection in this band is 0.2 magnitudes, while the greatest dif- 
ference in the A'-correction K b.), b etween an E and an Im SED 
is 1.5 magnitudes (see Figure rAlT i. 

Galaxies drawn from SDP94 and Steidel97 were imaged 
in the infrared with the Kg band. Many galaxies in CT08, 
BC09, KCBCIO, KCEMSll, and ChurchiflO were imaged 
in either the 2MASS Ks band an d obtained from NED, the 
K' band from IChen etlll (l2001bl) . or the HST F160W band 
from David Law (private communication). Using these val- 
ues, we computed M/^ (AB) from /T-corrected infrared magni- 
tudes using the methods applied for the B-band and the equa- 
tion, Mk( AB) = [m,.-KKy]-DM+ 1.8266, where m,. is the 
Vega apparent magnitude and the value 1 .8266 is the constant 
used to convert from Vega magnitudes to AB magnitudes in 
all cases. The /iT-corrections i n the Kg band for each SED are 
presented in panel b of Figure lAll as a function of redshift. 



60 



45 - 



30 - 



.-. 15 



<1 



-15 - 



-30 
-45 
-60 



4 1 ^ 1 1 1 1 ^ 4 

(a) ;;;;;; 

^ : : \ o : : 1" 

_ »: -i. 

: , : : 


- ■■■^ °^ - 

: • : 


4 1 \ 1 1 1 1 \ --4 



60 45 30 15 -15 -30 -45 
Aq (arcsec) 



-60 



MAGllCAT 

200 

150 

100 

50 



ft 
<1 







-50 



-100 



-150 



-200 



■1- 1 1 \ 1 1 1 1 -i 

i (b) ; 

:::::::•: 
: « : 


o : . : (» •• : 

•':•:, 8 o: 
- :,-,^ j»-^|-o ■■: - 


F : "<f:^ .-1 ' 


.: ^ 

:::::: :o : 


: o : 
4- J 1 1 1 1 1 1 4 



ChenlO 

KCEMSll 

GCll 

Steidel-PC 

GB97 

Churchilll2 

KCBCll 

BC09 

CT08 

KMCIO 



200 150 100 50 -50 -100 -150 -200 
AD (kpc) 



Fig . 1 . — (a) Angular offsets (arcsec) of each galaxy for which we have Aa and A5 from the associated background quasar, (h) Physical offsets (kpc) of each 
galaxy from the associated background quasar. Points are color coded by the work from which the galaxy was obtained. The plus sign indicates the location of 
the background quasar. 



Apparent magnitudes in the /T-band were not available for 
all galaxies drawn from ChenlO and GCll, and many galax- 
ies from BC09 and KCBCll. We used an indirect method 
to compute M^ by determining rest-frame B-K colors from 
rest-frame B-R colors. We obtained "model" g and r apparent 
magnitudes from NED/SDSS. We adopt "model" magnitudes 
because the galaxy light is measured consistently through the 
same aperture in all bands, therefore they are the best mag- 
nitudes for measuring the colors of galaxies. Using these 
magnitudes and the methods for Mb above, we calculated Mb 
from g and M« from r. The /T-corrections for these magni- 
tudes are presented in panels c and d of Figure lAll respec- 
tively. In order to convert these B-R colors to B-K, we com- 
puted rest-frame B-R and B-K colors for each galaxy SED, 
which suggest a linear relationship with the form (B-K) = 
l.^6(B-R) + 0.02, determined from a linear least-squares fit 
to the rest-frame SED colors. The rest-fra me co lors of each 
SED and the linear fit are presented in Figure ICTI We then ap- 
plied this relation to the B-R colors to obtain B-ZT. Finally, 
Mic was calculated fromM^ and B-K. Using these methods, 
we obtained colors for all but 18 galaxies in MAGllCAT. 

B-band luminosities, Lb/L^, were obtained using a lin- 
ear fit to Mr with red shift using the "AH" sample in Ta- 
ble 6 from Faber et alj (12007) . The A'-band luminosities, 
Lk/ L^, were computed us ing M|-(z) as expressed in Eq. 2 
from lCirasuolo et all (I2010I) . 

3.2. Absorption Properties 

Where we have obtained access to HIRES/Keck or 
UVES/VLT quasa r spectra, we have reme asur ed Wr(2796) us- 
ing the methods of S chneider etal.l (Il993h and lChurchill et all 
( l2000a ). Upper limits on Wr(2796) are quoted at 3 tr and must 
be less than or equal to 0.3 A, corresponding to an unresolved 
absorption feature, for a galaxy to be included in MAGllCAT. 
In cases where HIRES/Keck and/or UVESA'LT spectra do 
not exist, we adopted the best published values. We have also 
converted published 2 a upper limits to 3 o" where needed. 
We have not included galaxies with upper limits less stringent 
than 0.3 A in order to ensure all non-detections reside below 
the historical absorption threshold of 0.3 A (SDP94). 
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Fig. 2. — The quasar-galaxy impact parameter, D, as a function of galaxy 
redshift, Zgai- Points are colored by W,-(2796), with open points representing 
3 cr upper hmits on Wr(2796). Open yellow circles indicate galaxies with 
an upper limit of W,-(2796) = 0.3 A, the largest upper limit in MAGllCAT. 
Histograms show the distribution of D and Zgn[ for the full sample. 

4. GALAXY SAMPLE 

MAGllCAT consists of 182 isolated galaxies along 134 
sightlines. Theredshiftrangeof the sampleis 0.07 <z< 1.12, 
with median (z) = 0.359. Here we present basic characteris- 
tics of MAGllCAT, leaving any analysis to future work. 

Observed galaxy properties for MAGllCAT are presented 
in Table [U The columns include the (1) QSO identifier, (2) 
Julian 2000 designation (J-Name), (3) galaxy spectroscopic 
redshift, Zg^i, (4) quasar-galaxy right ascension offset, Aa, (5) 
quasar-galaxy declination offset, AS, (6) quasar-galaxy angu- 
lar separation, 9, (7) reference for columns 4, 5, and 6, (8) 
apparent magnitude used to obtain Mb, (9) band for the pre- 
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TABLE 1 
Observed Galaxy Properties '' 





(2) 
J-Name 


(3) 

Zgal 


(4) 

Aa 

(arcsec) 


Galaxy ID 

(5) (6) 
A<5 e 

(arcsec) (arcsec) 


(7) 
Ref'' 
















(1) 

QSO 


(8) 


(9) 
Band'' 


(10) 
Refb 


(11) 


(12) 
Band'' 


(13) 
Ref'' 


(14) 
SEDf 



0002-422 

0002+051 

0002+051 

0002+051 

SDSS 

SDSS 

SDSS 

0058+019 

0058+019 

SDSS 



J000448, 
J000520, 
J000520, 
J000520, 
J003340, 
J003407, 
J003413, 
JO 10054, 
JO 10054, 
J010135, 



11-415728.8 

21+052411.80 

21+052411.80 

21+052411.80 

21-005525.53 

34-085452.07 

04-010026.86 

15+021136.52 

15+021136.52 

84-005009.08 



0.840 

0.298 

0.592 

0.85180 

0.2124 

0.3617 

0.2564 

0.6128 

0.680 

0.2615 



-6.4 
-13.4 
-2.6 
-3.3 
-5.4 
6.5 
-2.8 

-3.3 
10.2 



-3.4 
0.4 

-4.8 
0.6 
3.2 

-1.2 
7.1 

-5.5 
-7.4 



7.10 
13.45 
5.46 
3.40 
6.28 
6.56 
7.63 
4.40 
6.50 
12.60 



22.60 
19.86 
21.11 
22.21 
19.44 
22.41 
21.68 
23.25 
22.06 
20.91 



^EFOSc(V) 

F702W(V) 

F702W(V) 

F702W(V) 

g(AB) 

«(AB) 

g(AB) 

i?,(AB) 

F702W(V) 

«(AB) 



1 

3 
3 
3 
15 
15 
15 
8 
2 
15 



16.37 
17.40 
19.30 
18.79 
21.45 
20.25 
19.90 
18.65 
19.57 



^,(V) 
KsOf) 
K,(V) 
r{AB) 
r(AB) 
r(AB) 
^.,(V) 
K,(V) 
r(AB) 



15 
15 
15 



15 



(Sbc) 
E/SO 
E/SO 
Im 
Scd 
Scd 
E/SO 
Sbc 
Sbc 
E/SO 



" Table[T]is published in its entirety in the electronic edition of ApJ. A portion is shown here for guidance regarding its form and content. 

'' Galaxy Identification and Apparent Magnitude Reference: (1) Guillemin & Bergeron (1997), (2) Churchill et al. (|"2013al) . (3) [ Kacprzak et al] 

j2011b), (4) Steideletal. (1997), (5) Chen & Tinker (2008), (6) Chen et al. (2010a), (8) Steidel, Dickinson, & Persson (1994), (9) Steidel (1995), (10) 

[Kacprzak, Murphy, & Churchill (2010), (11) Kacprzak et al. (2011a), (12) Gauthi er & Che n (2011.), (13) Barton & Coo ke (2009), (14),Chen et al. (200i^, (15) 

NED/SDSS, (16) NED/2MASS, and (17) David Law, personal communication. 

■^ Apparent magnitude used to obtain Mg. 

'' Magnitude Band and Type: (AB) AB magnitude, and (V) Vega magnitude. 

■^ Apparent magnitude used to obtain Mk ■ 

^ Galaxy Spectral Energy Distributions: (Sbc) No color information - Sbc used. 



ceding apparent magnitude, (10) reference for columns 8 and 
9, (11) apparent magnitude used to calculate Mk, (12) band 
for m/f, (13) reference for columns 1 1 and 12, and (14) galaxy 
spectral energy distribution type based on the galaxy observed 
color 

The galaxy right ascension and declination offsets from the 
quasar, Aa and A6, are presented in Figure[T}i. Points are col- 
ored by reference, indicating the work from which the galaxy 
data was drawn. No values for Aa and A6 were originally 
published for galaxies from SDP94, though later works have 
obtained the values for many of these galaxies (Steidel, pri- 
vate communication). The plus sign indicates the location of 
the associated background quasar. 

Figure[TJ' shows the location of each galaxy in MAGllCAT 
in physical units (kpc) with respect to the associated back- 
ground quasar (plus sign). The points are colored by the 
source of the Aa and AS measurements. 

Impact parameter, D, as a function of galaxy redshift, Zgai, 
is presented in Figure|2] Points are colored by W,.(2796), with 
3 (7 upper limits on W,.(2796) represented as open points. His- 
tograms of the data collapsed along the axes show the dis- 
tribution of impact parameters and galaxy redshifts. Impact 
parameters range from 5 .4 < D < 194 kpc, where the median 
impact parameter is (D) = 48.7 kpc. 

From Figure |2l it is apparent that most galaxies with 
upper limits on absorption are found at larger impact pa- 
rameters. This anti-correlation between Wr{2196) and D 
is a commonly known property of Mgll galaxies (e.g., 
Lanzetta & Bowen 1990; Bergeron & Boisse 1991; Steidel 
1995; Boucheetal. 2006; Ka cprzak et alj l2008t IChen et all 
2010a: .Churchill et al.. .2013al) . We performed a non- 
parametric Kendall's r rank correlation test on W,.(2796) 
and D, allowing for upper lirn i ts on Wr(279 6 ) (se e 
iBrown. Hollander7& Korwail [T974t iWang & Wellsl l2000h . 
We find that W,(2796) is anti-correlated with D at the 7.9 cr 
level. We present the anti-correlation in Figure |3] leaving any 
analysis for future work in which we explore the scatter in the 
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Fig. 3. — The rest-frame Mgll equivalent width, Wr(2796), versus impact 
parameter, D. Points are colored based on W,-(2796) absorption, with solid 
blue points representing galaxies with measured absorption and red open 
points with downward arrows representing 3 cr upper limits on Wr(2795). 
The histograms show the D and W,-(2796) distributions for absorbers (thin 
blue Une) and nonabsorbers (dotted red line) for which we only have an upper 
limit on absorption. The anti-correlation between W,-(2796) and D is signifi- 
cant at the 7.9 cr level. 



relationship as a function of galaxy properties (see Paper II 
and Churchill et al. 2013b). Galaxies with measured absorp- 
tion are shown as blue points, while upper limits on absorp- 
tion are open red circles with downward arrows. The distri- 
butions of W, (2796) and D for absorbers (thin blue lines), and 
galaxies with upper limits on absorption (dotted red lines) are 
presented in histograms. 
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Fig. 4. — Galaxy luminous properties, Mb, Mk, Lb/L^, and Lk/L^, as a function of redshift. Point types indicate the strength of Mgll absorption, Wr(2796). 
Open points represent upper limits on absorption. The distributions of redshift and luminous properties are shown in histograms along the respective axes, (a) The 
B-band AB absolute magnitude, Mb, as a function of galaxy redshift, Zgal- ^s is calculated at all redshifts from apparent magnitudes of g = 23 (AB magnitude; 
dotted line) and F702W = 24 (Vega magnitude; dashed line), representing the limiting magnitudes for the surveys in which many of the galaxies were observed. 
The value of g comes from the Sloan Digital Sky Survey, whereas the F702W-band was observed with WFPC2 on HST. (h) The A'-band AB absolute magnitude, 
Mk, versus galaxy redshift, Zgai- Mk is calculated at all redshifts from apparent Kg- and r-band magnitudes to indicate the limiting magnitudes associated with 
the various samples in MAGllCAT. The majority of galaxies imaged with the A^,-band have a Hmiting magnitude of K, = 21 (Vega magnitude; dashed line), 
while those obtained from Steidel97 were imaged more deeply down to Ks = 22 (Vega magnitude; dashed line). Galaxies imaged i n the r-band with SDSS have 
a limiting magnitude of r = 22 (dotted line). We translated M,- into Mk using the relationship between B-R and B—K colors in § 13. H and Appendix Icl (c) The 
B-band luminosity, Lb/L^, as a function of galaxy redshift, Zg-A- (d) The A'-band luminosity, Lk/L^, versus galaxy redshift, Zg^- 



The equivalent widths of MAGllCAT galaxies have a range 
of 0.003 < W,(2796) < 4.42 A, where the weakest confirmed 
absorption is Wr(2196) = 0.03 A. Of the 182 galaxies, 59 have 
upper limits on W,(2796) where the most stringent upper limit 
is 3 mA. To a 3 o- W,(2796) threshold, MAGllCAT is 100% 
complete to 0.3 A, 90% complete to 0.2 A, 80% complete to 
0.05 A, and 70% complete to 0.01 A. 

The absolute B-band magnitudes range from -16. 1 > Mb > 
-22.8. Figure |4}j shows Mb as a function of Zga]- Points 
are colored by Wr(2796), with open points representing up- 
per limits on Wr(2796). Histograms show the distribution of 
galaxies in redshift and Mb- 

Absolute /T-band magnitudes range from -16.9 > Mk > 
-24.3. Figure HJ? presents Mk against Zgai. Points are col- 



ored by Wr(2796), with upper limits on Wr(2796) shown as 
open points. Histograms present the distribution of redshift 
and Mk of the sample. 

The completeness limits of the magnitudes are complicated 
d ue to the heterogeneous imaging campaigns described in 
§ 12.11 For the B-band, the majority of galaxies at low red- 
shift (z < (z), where (z) = 0.359 is the median redshift of the 
sample) were selected by SDSS r magnitudes with a limiting 
magnitude of r = 22. However, we used the SDSS g band 
for these galaxies to calculate Mb, which is sensitive to the 
threshold ^ ~ 23 (AB magnitude; dotted line in Figure IJJj). 
At the mean redshift of the low redshift subsample, z = 0.23, 
this corresponds to Mb ~ -17.5. The majority of galaxies at 
high redshift (z > (z)) were imaged in the F702W-band. This 
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(12) 
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(14) 


(15) 


QSO 


J-Name 


Zgal 


^abs 


W,(2796) 

A 


DR 


Ref'' 


D 

(kpc) 


Ksy' 


Mb'^ Lb/L* 


KKy' 


Mk'' 


Lk/L*^ 


B-K 


0002-422 


J000448. 11-415728.8 


0.840 


0.836627 


4.422 ±0.002 


1.12±0.09 


14 


53.8 


-0.08 


-21.04 0.66 
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0.298059 


0.244 ± 0.003 


1.336 ±0.029 
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59.2 


-1.39 


-19.78 0.38 
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SDSS 
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0.20 


-20.87 1.15 


0.06 
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0.3616 
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' A'-correction used to obtain Mb from column (8) in Table[T] 

'' Absolute magnitudes are AB magnitudes. 

° X^-con'ection used to obtain Mk from column (1 1) in Table [T] 
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Fig. 5. — Rest-frame galaxy color, B — K, against galaxy redshift, z.gn[- 
Points are colored by Wr(2796), with open points representing upper lim- 
its on Wr(2796). The dashed lines mark the rest-frame B — K colors for the 
spectral energy distributions of E, Sbc, Scd, and Im galaxies. Crosses indi- 
cate the average color in three redshift bins {z < 0.403, 0.403 <z< 0.709, 
and z > 0.709). Horizontal en'or bars show the range in redshift for each bin 
while vertical error bars are the standard deviations in B-^ for each bin. The 
average colors in all three redshift bins are consistent with an Sbc galaxy. 
Color and redshift distributions for MAGllCAT are presented as histograms. 
From the color histogram, the most common galaxy type is slightly redder 
than an Scd galaxy. 



subsample has a threshold of F702W ~ 24 (Vega magnitude; 
dashed line in Figure HJj), corresponding to Mb ~ -18 at the 
mean redshift, z = 0.61. 

In the infrared, the galaxy magnitudes are generally sen- 
sitive to the threshold /Tj ~ 21 (Vega magnitude), with the 
exception of the extensive campaign on the field 1622H-268 
(Steidel97) which is sensitive to Ks ~ 22 (Vega magnitude; 
dashed lines in Figure IIJ?). For the high redshift subsample, 
^5 ~ 2 1 corresponds Mk — -20 at the mean redshift, z = 0.6 1 . 
The majority of galaxies at low redshift were imaged in the 
r-band with SDSS. This subsample has a threshold of r ~ 22 
(AB magnitude; dotted line in Figure HJ?), which, when con- 
verted to Mk using the conversion between B-R and B-K, is 
roughly equal to A's ~ 2 1 . 

B-band luminosities have a range of 0.02 < Lg/Lg < 4.80, 
with median Lb/L% = 0.549. Lg/Lg as a function of Zgai is 
presented in FigurelU:. Point colors represent W, (2796), with 
open points indicating upper limits on W,(2796). Histograms 
show the distributions of B-band luminosity and galaxy red- 
shift. 

Luminosities in the /T-band range from 0.006 < Lk/L'^ < 
4.9 and have a median of Lk/L^ = 0.482. .ff-band Luminosity 
as a function of Zgai is presented in Figure |4j/ with point col- 
ors indicating Wr(2796) and upper limits on Wr(2796) as open 
points. The distributions of Lk/L^ ^^^ ^gai ^i"^ presented in 
histograms along their respective axes. 

Galaxy rest-frame B-K colors have a range of 0.04 < 
B-K < 4.09, with median B-K= 1.49. B-ZT as a func- 
tion of Zgai is shown in Figure |5] and point colors represent 
W;.(2796) strength, with open points indicating upper Umits 



Property 


Min 


Max 


Mean 


Median 


W,-(2796) (A) 


0.003 


4.422 


0.629 


0.400 


^gal 


0.072 


1.120 


0.418 


0.359 


D (kpc) 


5.4 


193.5 


61.1 


48.7 


Mb 


-22.8 


-16.1 


-20.2 


-20.3 


Mk 


-24.3 


-17.0 


-21.8 


-22.0 


Lb/L* 


0.017 


4.801 


0.760 


0.549 


Lk/LI 


0.006 


4.901 


0.719 


0.482 


B-K 


0.04 


4.09 


1.56 


1.49 



on W,(2796). Color and redshift distributions are shown in 
histograms. The mean and standard deviations in B-K for 
three equal-sized redshift bins (z < 0.403, 0.403 < z < 0.709, 
and z > 0.709) are plotted as black error bars. Horizontal error 
bars indicate the range in redshift for each bin. The horizon- 
tal dashed lines indicate the rest-frame B-K color for each 
SED, where all three redshift bins are consistent with an Sbc 
galaxy . This is in agreement with SDP94 and IZibetti et alj 
( l2007h . who find that galaxies with Mg 11 absorption have, on 
average, an Sbc SED type. The most common galaxy color is 
slightly redder than an Scd SED type. 

Table |2] presents calculated galaxy and absorption proper- 
ties for galaxies in MAGllCAT. The listed columns are the 
(1) QSO identifier, (2) Julian 2000 designation (J-Name), (3) 
galaxy spectroscopic redshift, Zga\, (4) Mgll absorption red- 
shift, Zabs, (5) Mgll equivalent width, W,.(2796), (5) Mgll dou- 
blet ratio, (7) reference for columns 4, 5, and 6, (8) quasar- 
galaxy impact parameter, D, (9) /^-correction to obtain Mb, 
(10) absolute B-band magnitude, Mb, (11) B-band luminos- 
ity, Ls/Lg, (12) /T-correction to obtain Mk, (13) absolute K- 
band magnitude, Mk, (14) /T-band luminosity, LkIL\, and 
(15) rest-frame color, B-K. 

A summary of the absorption and galaxy properties of 
MAGllCAT is presented in Table [3] We list the minimum, 
maximum, mean, and median values for each property. 

4. 1 . Luminosity Functions 



Prior 

19991 lFriedetal.ll200Tt ImfT et al. 2003r iFaber e t al. 2007i 
Cirasuolo et al. 2010), selecting galaxies by Mgll absorption 



to measurements of galaxy lurn i nosity 
out to z = 1 (e.g. 



functions, 

'Lillv et all [1991 Lin et alJ 

lOOTl 



provided a compelling technique for compiling a presumably 
complete sample of intermediate redshift galaxies SDP94. 
Using absorption selection, SDP94 presented the B- and K- 
band luminosity functions of intermediate redshift galaxies 
associated with Wr(2796) > 0.3 A. 

In order to compare to and expand upon the work of SDP94, 
we measured the B- and K-hwA luminosity functions for 
MAGllCAT galaxies. We divided the galaxies at all red- 
shifts into two subsamples bifurcated by Wr(2796) = 0.3 A. 
We also divided the galaxies into four subsamples bifurcated 
by W,(2796) = 0.3 A and z = 0.359 (the median redshift). The 
average redshift is z = 0.23 for the low redshift subsample and 
z = 0.6 1 for the high redshift subsample. These averages trans- 
late to a 3.2 Gyr time spread. 

Since the majority of the galaxies are absorption selected, 
we followed SDP94 and applied a gas cross-section cor- 
rection, (/Jgas) , to the number of galaxies in each lu- 
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Fig. 6. — B-band luminosity functions for Wr(2796) < 0.3 {a, c, and e) 
and Wi(2796) > 0.3 (fo, d, and /). Galaxies at all redshifts are included 
in panels a and b, while galaxies with z < (z) are in panels c and d (mean 
z = 0.22), and galaxies with z > (z) are in panels e and / (mean z = 0.61), 
where {z) = 0.359. The sol id and da shed curves are z = 0.3, 1.1 Schechter 
functions, respectively, from lFaber et a l. (2007). Data point colors and types 
are assigned according to the mean color of the galaxies in the bin. Red 
circles indicate the mean color in the bin is closest to an elliptical (E) SED 
type, yellow diamonds indicate Sbc, green triangles indicate Scd, and blue 
stars indicates a Magellanic-type irregular (Im) SED type. Open points are 
where the completeness of the sample declines. 



minosity bin, where (.Rgas) oc (L/L*)^, where (L/L*) is 
the mean luminosity of the bin and where (3 gives the 
empirically determined luminosity dependence. For the 
MAGllCAT galaxies, we determined ,3 = 0.31 for the B- 
band, and = 0.21 for the A"-band, as described in Paper II 
(iNielsen. Churchill. & Kacprz ak 1120121) . The correction fac- 
tor rectifies the relative volume probed by absorption line sur- 
veys at fixed luminosity under the assumption of complete- 
ness. 

In Figures |6] and |7] we present the B- and TiT-band lumi- 
nosity functions for MAGllCAT galaxies. For reference, we 
have overplotted empirically determined Schechter luminos- 
ity functions from deep galaxy surveys (plus a single additive 
constant to roughly match the data at M^,). We show the z = 0.3 
(solid curve) and z= 1.1 (dashed curve) lumi nosity functions 
from |Faber et al.l (120071) for the B-band and ICirasuolo et al.l 
(120101) for the /T-band. These curves roughly bracket the low 
and high redshift subsamples. For the B-band, the appro- 
priate characteristic luminosities are Mg = -21.1 for z = 0.3 
and Mg = -21.5 for z= 1.1. For the .^-band, the appropri- 
ate characteristic luminosities are M'^ = -22.7 for z = 0.3 and 
M* =-23.1 forz= 1.1. 

For each binned data point, we computed the mean B-K 
rest-frame color of the galaxies contributing to the bin and 
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Fig. 7. — S'-band luminosity functions for Wr(2196) < 0.3 (a, c, and e) and 
Wr(2796) > 0.3 (h, d, and /). Galaxies at all redshifts are included in panels 
a and b, while galaxies with z < (z) are in panels c and d (mean z = 0.22), and 
galaxies with z > (z) are in panels e and / (mean z = 0.61), where (z) = 0.359. 
The solid and dashed curves are z = 0.3, 1.1 Schechter functions, respectively, 
from Cirasuol o et al.l l l701QI) . Point types and colors are the same as described 
in Figure |6] 



then color coded the point based upon the closest matching 
SED type (see Figure |5]l. Red data points indicate an average 
SED type for an elliptical (E) galaxy, yellow indicates Sbc on 
average, green indicates Scd on average, and blue indicates 
Magellanic-type irregular (Im) on average. 

If we adopt the view that the galaxy surveys are magnitude- 
limited, we estimate that the completeness of MAGllCAT be- 
gins to decline for Mg > -18 and M^ > -17.5 for the low 
redshift subsample and Mg > -19 and Mk > -20 for the high 
redshift subsample (see Figures HJa and |4j7). We conserva- 
tively plotted the data in these luminosity bins as open points. 

4.1.1. W, (2796) and Redshift Differences 

For all MAGllCAT galaxies with "weak" absorption or non 
detections [Wr(2796) < 0.3 A] (Figures |6h and|7}j), the lu- 
minosity functions are more or less consistent with those of 
Faber et al. (20()7l) and lOrasuolo et al. (2010), though there 
is a trend for a flattening of the faint-end slopes, especially in 
$(Mb). The faint-end slopes of the "strong" absorbing galax- 
ies [Wr(2796) > 0.3 A] (Figures [SJ? andlTJ?), are less certain, 
but suggestive of a flattening of the faint-end slope relative to 
the Faber et al. (2007) and Cirasuolo et al. ( 2010 ) luminosity 
functions. 

For the subsamples over the full redshift interval, we find no 
statistical differences between the ^(Mg) for weak and strong 
absorbers (panel a vs. b of Figure |6ll as deduced from a KS 
test on the unbinned luminosities. The same result applies for 



MAGllCAT 



11 



^(Mk) for weak and strong absorbers (panel a vs. b of Fig- 
ure |7]i. Similarly, there are no statistical differences between 
the $(Mb) of weak and strong absorbing galaxies in the low 
redshift subsample (panel c vs. li of Figure|6]l nor in the $(Mb) 
in the high redshift subsample (panel e vs. / of Figure|6]l. The 
same result holds for the ^(Mk) of weak and strong absorbing 
galaxies for both the low and high redshift subsamples. 

For each band, we examined for redshift evolution for the 
subsample with weak absorption or non-detections (panels c 
vs. e of Figures|6]and|7]l and for the subsample with strong ab- 
sorption (panels d vs. / of Figures|6]and|7]i. For $(Mb) of the 
weak absorbing galaxies, we find redshift evolution at a 3 .4 cr 
significance level in the sense that the luminosity function at 
low redshift is shifted ~ 0.5 magnitudes dimmer relative to 
high redshift for galaxies with Mg < -18. We find only a 
suggestive trend for redshift evolution of $(Mb) of the strong 
absorbing galaxies (2.7 a). There is no evidence of redshift 
evolution in ^(Mk) for either the weak or the strong absorbing 
galaxies. 

For the B-band luminosities, we note that the observed 
trends from lower to higher redshift (i.e., flattening of the 
faint-end slope and relative overabundance at higher lumi- 
nosity) are reminiscent of the Malmquist bias that plagues 
magnitude-limited surveys. Given the heterogeneous selec- 
tion methods used by the various works from which we con- 
structed MAGllCAT, it is difficult to quantify the degree to 
which this may be an issue. 

4.1.2. Color Sequence Along $(Mb) and <&(M/c) 

The MAGllCAT galaxies (full catalog) exhibit a significant 
correlation between B-K and Mk (7.7 cr), but no correlation 
between B-K and Mb- For the subsample of strong absorbing 
galaxies (Figure [TJ?) the correlation between B-K and Mk is 
significant to 6.5 cr and for the weak absorbing galaxy sub- 
sample (Figure ITJj) the correlation is 3.6 cr. 

The weakest trends (less than 3 cr) between B-K and Mk 
are found for the strong absorbing galaxies at low redshift 
(Figure [7]:/) and the weak absorbing galaxies at high redshift 
(Figure |7^), even though the mean colors suggest a strong 
trend. B-K and Mk are correlated at the 3.2 cr level for weak 
absorbing galaxies at low redshift (Figure |7}:) and 6.0 cr for 
strong absorbing galaxies at high redshift (Figure |7lf). There 
is no correlation between B-K color and Mb for any of the 
subsamples presented in Figures |6] 

The trends and strong correlations between B-K and Mk 
are reflected in the color sequence of the data points for 
^(Mk) in Figure|2l the higher the infrared luminosity, the red- 
der the mean galaxy color Interestingly, for both the B-band 
and the /T-band, KS tests reveal no significant differences in 
the distribution of B - /T between the weak and strong absorb- 
ing galaxies at low redshift, at high redshift, nor for all red- 
shifts. 

Though the overall color distribution may not differ be- 
tween the galaxy subsamples, the average SED of the bright 
end of the ^-band luminosity function corresponds to late- 
type E galaxies and the faint end corresponds to early-type 
galaxies (Sbc, Scd, and Im). On the contrary, there is no clear 
color differential along the luminosity sequence of ^(Mb). 
The average color in virtually all B-band luminosity bins is 
that of an Sbc or Scd SED. 

4. 1 .3. The Wr(n96) > 0.3 A High-Redshift Subsample 

The strong absorbing [Wr(2796) > 0.3 A] high redshift sub- 
samples (Figures [6]^ and|7]f) are most appropriately com- 



pared to the SDP94 luminosity functions, which correspond 
to (z) = 0.65. 

SDP94 find that ^(Mb) for Mgll absorption selected galax- 
ies turns down (or "rolls off") relative to the faint-end slope 
of $(Mb) for field galaxies starting roughly at 1.5 magni- 
tudes below Mb, whereas ^{Mk) for Mg II absorption selected 
galaxies is consistent with $(M^) of field galaxies to roughly 
3.1 magnitudes below M^ (i.e., Lk/L\ ~ 0.05). They infer 
that the absorption selected galaxies "missing" from the faint 
end of $(Mb) are Sd types and earlier 

SDP94 also report a strong correlation between B-K and 
Mk in that fainter galaxies in the /T-band are bluer, and also 
find no such correlation between B- A' and Mb- Incorporating 
the correlation betw een B-K and Mk, they argue that faint 
blue galaxies (e.g., E llis II 199"7|) do not typically exhibit Mgll 
absorption with Wr(2796) > 0.3 A and that this explains the 
difference in the behavior of the faint-end slopes of $(Mb) 
and ^(Mk)- They further conclude that the gas cross-section 
is more likely to be governed by galaxy mass (oc Lk) than 
by star formation. We note that this latter statement is in- 
consistent with our finding that the covering fraction of Mg II 
absorption is invaria nt with ga laxy halo mass for multiple 
W,-(2796) thresholds (IChurchill et al . 2013b). 

For MAGllCAT galaxies, the measured <^{Mb) for sti'ong 
absorbing galaxies at high redshift (Figure |6]f) is suggestive 
of a faint-end roll off around 1.5 magnitudes below Mg, con- 
sistent with the SDP94 result. Similarly, we find a possible 
faint-end roll off in ^{Mk) for the strong absorbing galax- 
ies at high redshift (Figure |7]/' ) starting at roughly 2 magni- 
tudes below M|-. This latter result is contrary to the findings 
of SDP94. Note that, for this subsample of the MAGllCAT 
galaxies, the data extend roughly an additional magnitude be- 
low Mk as compared to the SDP94 sample. 

4. 1 .4. Interpreting $(Mb) and ^(Mk) 

Interpreting and comparing the functional forms of $(Mb) 
and ^(Mk) is rendered difficult due to the heterogeneous 
selection methods of the galaxies in MAGllCAT. Some 
galaxies are "absorption selected", whereas some galaxies are 
magnitude-limited or volume-limited selected. 

In the cases where galaxies are searched for and identified 
based upon prior knowledge of a Mg II absorption redshift, 
there is always ambiguity as to whether the galaxy is the only 
galaxy connected to the Mg II absorption. Though rare, it is al- 
ways possible that an additional galaxy is in close projection 
with the background quasar. These can be found only with 
careful point-spread function subtraction of the quasar, which 
has been performed for all of the quasar fields surveyed from 
the ground by GB97 and for the majority of the fields origi- 
nally surveyed by SDP94 (in both ground-based and HST im- 
ages (the latter performed by A. Shapley, private communica- 
tion, unpublished). However, such analysis has not been per- 
formed for the remainder of the galaxies in MAGllCAT. Fur- 
thermore, the absorption selection approach usually entails an 
incomplete survey of the galaxies in the quasar field. If an 
additional galaxy (or galaxies) might be discovered in a given 
quasar field to have a redshift consistent with the Mg II ab- 
sorption, the galaxies would reclassify as a "group" and would 
not be included in the present work. 

In the cases where galaxies are identified in apparent 
magnitude- or volume-limited surveys, the point spread 
function issue is just as relevant. Furthermore, apparent 
magnitude-limited surveys would suffer from faint-end in- 
completeness and/or Malmquist bias. 
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Though the shapes of the luminosity functions presented in 
Figures |6] and |7] are suggestive of a relative paucity of sub- 
L* galaxies as compared to field galaxies, or perhaps even 
a roll over in the faint-end slopes, the above considerations 
make it difficult to assess whether selection effects are at play. 
Though the gas cross-section corrections we applied act to re- 
duce the value of $(M) for L > L* galaxies, the corrections 
increase the value of ^(M) for sub-L* galaxies; the correc- 
tion factor increases with decreasing luminosity. Thus, if we 
did not apply the cross-section correction, the paucity of faint 
MAGllCAT galaxies would be even more dramatic as com- 
pared to the faint-end slopes of the Schechter functions. 

Given all these caveats, we can still infer that, in general, 
galaxy B- A' color is independent of galaxy B-band luminos- 
ity. Regardless of the B-band luminosity, the average color is 
consistent with that of an Sbc/Scd galaxy. However, there is 
a B-K color sequence in that the greater the infrared lumi- 
nosity, the redder the B-K color This is a highly significant 
result. If Mk serves as a very crude proxy for stellar mass, 
the luminosity functions suggest that galaxies with lower stel- 
lar masses with detectable Mg II absorbing gas comprise bluer 
(younger) stellar populations. 

This might suggest that a detectable Mgll absorbing CGM 
may not be present in low stellar mass red galaxies; only the 
lower stellar mass galaxies with bluer (younger) stellar popu- 
lations give rise to detectable Mg II absorption. Since the roll 
over at the faint-end is more pronounced for galaxies with 
W,-(2796) > 0.3 A absorbing gas, we might infer that weaker 
Mgll absorption is preferentially found in the lower stellar 
mass galaxies. 

5. SUMMARY AND CONCLUSIONS 

We compiled, from our own work and the literature, 
the Mgll Absorbing-Galaxy Catalog, MAGllCAT, consist- 
ing of galaxies with intermediate redshifts to study the 
galaxy-circumgalactic medium interaction as probed by 
Mgll AA2796;2803 absorption. The catalog presented here 
contains 182 isolated galaxies with spectroscopic redshifts 
0.07 < z < 1 . 1 , impact parameters D < 200 kpc from a back- 
ground quasar, and known Mgll absorption or a 3 cr upper 
limit on absorption less than or equal to 0.3 A. A summary 
of the minimum, maximum, mean, and median values for ab- 
sorption and galaxy properties in MAGllCAT is presented in 
Table [3] 

All values that depend on cosmological parameters have 
been recalculated, including quasar-galaxy impact parame- 
ters, absolute magnitudes, and luminosities. This standardizes 
the galaxy properties and allows for a comparison of galaxies 
whose properties were placed on different cosmologies over 
the last ^ 20 years. Absolute magnitudes and luminosities 
were calculated in the B-band for all galaxies and in the K- 
band for all but 18. We find that the average rest- frame B-K 
color of MAGllCAT galaxies is consistent with an Sbc galaxy, 
though the most common galaxy color is slightly redder than 
an Scd galaxy. Th e average color agrees with SDP94 and 
IZibettietalJ(l2007h . 

We present the B- and /T-band luminosity functions, $(M), 
for subsamples split by Wr(2796) < 0.3 A ("weak") and 
W,.(2796) > 0.3 A ("strong"), and by low redshift and high 
redshift, cut by z = 0.359. We find that the luminosity func- 
tions in both bands for galaxies with weak absorptio n or 
non-detections are consistent with iFaber et aTl (12007 !) and 
ICirasuolo e t al., (2010^, while the strong absorbing galaxies 



may be flatter in the faint-end slope. Comparing the strong, 
high redshift subsample to SDP94, we find the suggestive 
faint-end roll off of the luminosity function in the B-band con- 
sistent, while the possible roll off in the /T-band is contrary. 
No statistical difference between weak and strong subsam- 
ples for all, low redshift, and high redshift galaxies is present 
in either the B- or the /T-band. The B-band may show red- 
shift evolution in both the weak and strong subsamples, but 
evolution is not present in the /T-band. 

We find a correlation between B-K and Mk for the full 
sample (7.7 a), but no correlation between B-K and Mb, 
consistent with the findings of SDP94. Splitting MAGllCAT 
into weak absorbers, strong absorbers, low redshift, and high 
redshift subsamples, we find the correlation is dominated by 
the high redshift, strong absorbing galaxies. As Mk becomes 
brighter, the mean galaxy color becomes redder On the other 
hand, the mean color of most magnitude bins in the B-band 
luminosity functions is consistent with an Sbc/Scd SED. 

The behavior of the luminosity functions suggest that only 
the lower stellar mass galaxies with bluer (younger) stellar 
populations give rise to detectable Mg II absorption. Compar- 
ing the faint-end roll over between galaxies with Wr(2796) > 
0.3 A and W,.(2796) < 0.3 A absorbing gas, it would seem that 
in lower stellar mass galaxies, weaker Mg II absorption would 
be observed more commonly. 

Further analysis has already been conducted with 
all or a portion of the galaxi es in MAGllCAT. 
iKacprzak. C hurchill. & Nielsei^ (12012b studied the effect 
of galaxy orientation on Mg II absorption. They found that 
Mgll gas is preferentially found along the galaxy major and 
minor axes, where the covering fraction of Mg II absorption 
as a function of orientation is enhanced by as much as 
20% -30% along the major and minor axes. This bimodality 
was found to be driven by blue galaxies and may indicate 
outflowing gas with an opening angle of 100° and inflowing 
gas with an opening angle of 40°. 

Using halo abundance matching, IChurchill et al.l (l2013bl) 
obtained the galaxy virial masses for all galaxies in 
MAGllCAT and studied the Wr(2196)-D anti-correlation and 
Mg II covering fractions, both as a function of galaxy virial 
mass. They found that the Mgll CGM is self-similar 
with virial mass such that higher mass galaxies have larger 
W,.(2796) and larger covering fractions for a given D. Their 
covering fractions are unchanged as a function of galaxy 
virial mass within a given D. Their results are contrary 
to the theoretical prediction that cold-mode accretion is 
shut down in high-mass gala xies dBirnboim & Dekell 120031; 
Dekel & Bimboim 2006; Stew art etal.ll2011l) . 

iNielsen. Churchill. & Kacprzakl(l2012l) [Paper II of this se- 
ries] presented an analysis of how Wr(2796), covering frac- 
tions, and the radial extent of the Mg II CGM depend on im- 
pact parameter, galaxy redshift, B- and /T-band luminosities, 
and B-K color They found that the covering fraction de- 
creases with increasing D and increasing Wr(2796) threshold. 
More luminous, bluer, and higher redshift galaxies have larger 
covering fractions than less luminous, redder, and lower red- 
shift galaxies at a given D. The luminosity-scaled radial ex- 
tent of the Mg II CGM is more sensitive to luminosity in the 
B-band than in the /T-band. The radial extent has a steeper lu- 
minosity dependence for blue galaxies than red galaxies, and 
for low redshift than high redshift galaxies. 

In future work we intend to apply multivariate analysis 
methods to MAGllCAT, incorporating the galaxy virial mass 
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estimates of the galaxies from lChurchill et aTl (l2013bl) as well 
as Mg II kinematics and the low- and high-ionization absorp- 
tion strengths of the CGM. We also plan to utilize the sample 
of group galaxies we obtained with the present work, com- 
paring the group galaxies to the isolated galaxies. Mining 
the Hubble Space Telescope archive for H I and UV low- and 
high-ionization metal-line transitions will be useful for devel- 
oping a more complete understanding of the CGM properties 
of MAGllCAT galaxies. 
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APPENDIX 
A. /:-C0RRECT10NS 
For a galaxy at redshift z and observed in bandpass y, the /^-correction between bandpass y and desired bandpass x is: 



/i:„ = 2.51og(l+z) + 2.51og 



fRyiX)XMX/[l+z])dX 



+ 2.5 log 



fRyiX)Xf^iX)dX 



jR,,(X)Xf^{X)dX 



(Al) 



where Ry(X) is the response curve of the y-band, R_x{X) is the response of the x-band, /a(A) is the flux density of the object being 
observed in the object's rest frame, /a(A/[1 +z]) is the flux density of the redshifted object in the observer frame, and /^(A) is the 
standard Vega or AB spectrum. The first two terms of the /T-correction correct for the fact that the observed object's spectrum is 
stretched and shifted redwards at larger z- The last term is the color term which corrects for different observed (y) and desired (x) 
bandpasses. If these bandpasses are identical, the color term cancels out. 

We obtained the required filter response curves, R^iX) and Rv(X), from the website associated with the facility used to observe 
a given galaxy, or from the author of the work. Chuck Steidel (private communication) kindly provided us both the Rs and the ^5 
response curves while Jacqueline Bergeron (private communication) provided the /?efosc response curve. We also used the Spanish 
Virtual Observatory Filter Profile Service0. We retrieved the Vega composite flux standard spectrum "alpha_lyr_stis_005" from 
the STScl Calibration Database System, CalspecQ- For AB magnitudes, we calculated a standard AB spectrum, defined as a 
hypothetical source with f^'^^* = 3.63x10"^" [erg s"' cm"^ Hz"']. 

Figure lAll presents the /^-correction for each SED as a function of redshift for Vega magnitudes F702W and Kg, and AB 
magnitudes g and r, the four most common bandpasses in MAGllCAT. Vega magnitudes F702W and Ks were corrected to Vega 
magnitudes B and K, respectively, while AB magnitudes g and r were connected to AB magnitudes B and R, respectively. The 
lighter gray shading indicates the full galaxy redshift range over which the /^-corrections were applied for that band. The darker 
gray shading indicates where the central 68% of the galaxies reside. 

We determined the constants of conversion between Vega and AB magnitudes by calculating the B- and /T-band absolute 
magnitudes for a given SED alternately using the Vega spectrum and the AB spectrum. Taking the difference of the Vega and 
AB magnitudes in each band produced the conversions B(AB) = B(V)- 0.0873 and KiAB) = K( Y) + 1 .8266. These constan ts are 
comparable to the values -0.09 (B-band) and 1.85 (/iT-band) which are presented in Table 1 of iBlanton & Roweisl (l2007h . We 
applied these constants to the /T-corrected apparent magnitudes when necessary. 

B. SELECTING SPECTRAL ENERGY DISTRIBUTIONS FOR/T-CORRECTIONS 

For /a(A) in Equa tion lAll we did not have direct access to the galaxy spectra for MAGllCAT galaxies. Therefore we rely on 
Coleman et al. ( 1980) spectral energy distribution (SED) templates which were e xtended to shorter and longer wavelengths by 
Bolzonellaet al. (2000) using synthetic spectra created with the GISS EL98 code ([Bruzual & Chariot 1993) . These SEDs were 
distributed with and used by the HYPEr4_| photometric redshift code (iBolzonella et al.ll2000l) . 

To select which /ST-con^ection to apply, we determined which SED each galaxy in MAGllCAT most closely resembles. We 
compared the observed colors of the galaxy to each SED type at the galaxy's redshift. In cases where the observed galaxy color 
was in between the color of two different SEDs, the closest SED was selected. Where no observed colors were available due 



http://svo2.cab.inta-csic.es/theory/fps/ 
' http://www.stsci.edu/hst/observatory/cdbs/calspec.htmi] 



' http://webast.ast.obs-mip.fr/hyperz/ 



14 



Nielsen et al. 







u.z, 

0.0 


; 


1 
(b)J 


1 1 1 


1 
E - 


0.2 


\ 


.... 


Sbc _ 


0.4 
0.6 
0.8 




\ 


^^^^^ ^ 


Scd _ 
Im 


1.0 


- 


1 


1 1 1 


1 



0.0 0.2 0.4 0.6 0.8 1.0 1.2 

Z 



— I 1 r 

(0 g (AB) 




0.0 0.2 0.4 0.6 0. 
Z 



1.0 1.2 



Fig. a 1 . — The ^-corrections between various bands as a function of redshift for spectral energy distributions E, Sbc, Scd, and Im. Apparent magnitudes in 
the F702W(Vega) and g(AB) bands were AT-corrected to the B-band, ATjCVega) to the /f-band, and r(AB) to the S-band. The lighter gray shading indicates the full 
redshift region over which the A'-corrections were applied while the darker gray shading indicates where the central 68% of the galaxies reside. 



to a lack of a seco nd band, the galaxy was classified as an Sbc galaxy, the average type for Mg II absorbing galaxies (SDP94; 
IZibetti et al.ll2007h . 

We calculated the SED observed colors by first determining the rest-frame colors of each SED. This was done by calculating 
the appropriate apparent magnitudes of the SEDs at z = and taking the difference of the magnitudes, making sure to use the 
correct filter and AB/Vega combinations. We then calculated the necessary /^-corrections at redshifts < z < 1.2 with the 
methods described in Appendix|A] To obtain the observed SED colors for the redshift range of MAGllCAT, we combined these 
^-corrections with the rest-frame SED colors, e.g., (F702W -.K^s)2>o = (F702W- A'j)j=o+ [-^a'.!(z)--^f702vi'(-z)], where the terms in 
the square brackets are the /^-corrections for the K^ and F702W bands, respectively, for z > 0. 

The two most common observed colors in the sample are F702W-/ir5 (Vega), and g-r (AB). These colors are presented in 
Figure iBTI for all SEDs. The rest of the observed colors follow the trend of F702W-/ir; due to a combination of a red band with 
an infrared band. Our g-r colors are consistent with iHewett et al.i (i2006). who present g-r for the extended Coleman SEDs. 




1.0 0.2 0.4 0.6 0.8 1.0 1.2 

z 



0.0 0.2 0.4 0.6 0.8 1.0 1.2 

z 



Fig. Bl. — Observed colors, F702W— Af, (Vega) and g-r (AB), for the galaxy SEDs as a function of redshift. These two colors are the most common observed 
colors in MAGllCAT. The rest of the colors follow the same trend as FVOIW-A',. 
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For SDSS galaxies which did not have a A'-band magnitude available, we determined Mk indirectly by using a conversion 
between rest-frame colors B-R ?indB-K. We c alculated the rest-frame B-K and B-R colors for each SED using the methods 
applied in Appendix iBl The points in Figure ICTI present the rest-frame colors for each SED. The SED colors appear to follow a 
linear trend so a li near least-squares fit was performed. The fit has the form {B-K)= 1.86(B-/?) + 0.02 and is presented as the 
solid line in Figure ICTI We therefore obtained absolute K-band magnitudes, Mk, for each SDSS galaxy by applying the equation 
MK=MB-(B-K) = MB-IM(B-R)-Qm. 
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Fig. Cl. — The relationship between rest-frame colors B—K and B-R for the SEDs. Point types and colors indicate the SED type. The data appear to follow 
the linear relation listed on the figure. 
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